Introduction
Using time-lapsed phase-contrast and fluorescence microscopy, it is possible to monitor live bacterial cells and simultaneously quantify the expression of their highly expressed genes as the activity of introduced fluorescence reporters [1] . However, for many of its native protein species, a bacterial cell expresses only a few copies per generation [2] . In order to study processes involving these proteins, fluorescence microscopy methods sufficiently sensitive to resolve individual molecules have been developed. For instance, Yu et al. [3] reported on the use of a fast maturing yellow fluorescent protein (YFP) variant, Venus [4] , fused to a membrane tag, Tsr, to profile the absolute expression of the lacZ gene, in live Escherichia coli cells, in its repressed state. The Tsr domain immobilizes the fluorophore at the membrane so that it appears stationary for periods of 50-100 ms and can be detected as a diffraction-limited spot. However, tethering to the membrane will disable molecules that rely on intracellular mobility for their function. For this reason, methods for counting expression events for cytoplasmic proteins are limited. A possible solution is suggested by the single-molecule tracking experiments where stroboscopic illumination pulses were used to image the transcription factor LacI-Venus non-specifically bound to DNA in live E. coli cells [5] . This suggests that short excitation pulses could be used also to profile the synthesis of cytoplasmic low copy number transcription factors or other proteins binding to relatively immobile intracellular targets.
Single-protein counting experiments in vivo reveal that isogenic cells under seemingly identical experimental conditions display considerable diversity in expression [6] . In order to confidently draw conclusions on the nature of this diversity, it is necessary to sample a sufficient number of cells. Several microfluidic devices have been reported to substantially increase experimental throughput by harnessing the reproduction of bacterial cells to continuously regenerate the sample and also allowing imaging of many replicate colonies in parallel [7, 8] . However, the sheer size of image datasets that can be generated in this fashion overwhelms manual analysis efforts and consequently several initiatives of automation have been undertaken [9, 10] . In this study, we report on a method combining microfluidics, single-molecule fluorescence microscopy and automated image analysis, enabling the study of the expression and super-resolution localization of low copy number transcription factors throughout thousands of bacterial lifespans per experiment. To illustrate the performance of the method, we quantify the dynamics of synthesis and intracellular localization of the lactose repressor by monitoring LacI-Venus expressed from its native promoter in live E. coli cells. We compare these observations with those obtained under identical conditions for cells expressing the reporter construct Tsr -Venus from the lactose permease gene, lacY, of the lactose operon.
Material and methods (a) Design, fabrication and use of the microfluidic device
The chip design was inspired by Mather et al. [11] . The features of the microfluidic chip used in this study were designed in three layers using AUTOCAD. The layers correspond to structures of different step heights of the mould and ultimately to the different depths of the structures of the finished microfluidic device (described under 'mould fabrication' and 'chip fabrication'). The device contains four structural motifs: ports, channels, a chamber and traps (figure 1a). The chamber houses three evenly spaced rows, each containing 17 traps (figure 1a). Each trap is 40 Â 40 Â 0.9 mm (figure 1b), and is bounded by two opposite walls and two open sides connecting the trap to the 10 mm deep surrounding. This geometry restricts the cells to form a monolayer colony in the focal plane while imaging. Cells close to the openings are released as the colony expands (figure 1b). The microfluidic device is connected to media reservoirs and imaged using an inverted microscope (figure 1c). The master mould was fabricated using standard UV-soft lithography techniques. Three masks for microfabrication were printed in chrome. Custom formulations of SU8 Photoresist (MicroChem) were deposited on clean polished silicon wafers (University Wafer) using a spin coater. The wafers were then aligned to the mask and exposed using a mask aligner (Sü ss MA6). This process was repeated to deposit layers of step heights 0.9, 2.7 and 10 mm per wafer. The first layer corresponds to the trap depth of the microfluidic device; the intermediate layer enables the alignment of the first and third layer, corresponding to the channels and ports. Each layer of the moulds was measured using a stylus profilometer and inspected under a microscope before applying the next.
A master cast of the mould was made from polydimethylsiloxane (Sylgaard 184, Dow Corning), using the master mould. Bubbles were removed by vacuum desiccation. The cast was cured at 808C for 30 min. One master cast contained 12 identical chip structures, which could be excised and used individually.
When fabricating each device, port holes (0.5 mm diameter) were punched out of the device cast. Debris was removed from the cast by vortexing in ethanol. The chip cast was bonded to a coverslip (40 mm diameter, 200 mm thick, Thermo-Scientific) after oxygen/UV plasma treatment (UVO-cleaner 42 -220, Jellight Co.) for 5 min at 0.5 bar oxygen pressure. The bond was stabilized by incubating at 808C for 10 min. Just prior to loading and running the device, the ports were treated with a highfrequency generator (model BA 20 D, Electro-Technic Products Inc.), and the device was flooded with de-ionized water.
Gravity flow was used to control the direction and the magnitude of the flow inside the microfluidic device. The pressure gradients between the different ports of the device were established by differences in elevation relative to the sample of the rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120025 connected reservoirs. During loading, the seeding culture was introduced into the device through the running waste port. The cells were caught in the traps by introducing pressure waves into the tubing. Once all traps were sufficiently occupied (10 -100 cells per trap), the direction of the flow in the chamber was reversed, exchanging the seeding culture with fresh medium (figure 1a). The cells were allowed to acclimatize and grow until the traps were fully occupied (approx. 4 h) before imaging. The temperature of the sample was maintained at 378C using a custom-fitted incubator hood (OKO LAB).
(b) Strains and medium
Two bacterial strains, SX701 and JE116, based on E. coli strain BW25993 [12] , were used in this study. In strain SX701, the lactose permease gene, lacY, was replaced with the tsr -venus construct [13] . Strain JE116 is based on strain JE12 [5] , in which the lacI gene was modified to encode a C-terminal fusion of LacI and Venus. The auxiliary lactose operator site, O3, was replaced with the main operator sequence, O1, to increase auto-repression by LacI threefold. Further, in strain JE116 the downstream sequence including the native O1, O2 binding sites as well as parts of the lacZ gene was removed, leaving only one specific binding site sequence for LacI -Venus molecules per chromosome copy [14] . Cells were grown in M9 minimal medium, with 0.4 per cent glucose, either with or without supplemented amino acids (RPMI1640 (R7131), Sigma-Aldrich). An overnight culture was diluted 200 times in 40 ml fresh medium and incubated for 3 -5 h (6 -8 h for cells grown without amino acids) at 378C and shaking at 225 rpm. During this incubation, the microfluidic device was prepared. Cells were harvested into a seeding culture by centrifugation at 5000 Â rcf for 2.5 min and the pellet resuspended in 50 -100 ml fresh medium. In order to prevent the cells from sticking to the surfaces of the microfluidic device a surfactant, Pluronic F108 ( prod. Number 542342, Sigma-Aldrich) was added to all media to a final concentration of 0.85 g l 21 .
(c) Microscopy and imaging
Imaging was performed using an inverted microscope (Ti Eclipse, Nikon) fitted with a high numerical aperture oil objective (APO TIRF 100Â/N.A 1.49, Nikon) and external phase contrast to minimize loss of fluorescence signal. The phase-contrast channel and the fluorescence channels were imaged using separate cameras, a model CFW-1312M (Scion Corporation) and an Ixon EM plus (Andor Technologies), respectively. Focus was maintained by the perfect-focusing-system of the microscope. The light source for fluorescence excitation was an Argon ion laser (Innova 300, Coherent Inc.) dialled to 514 nm for excitation of YFP-reporters in the sample. For fluorescence imaging, a slower shutter (LS6Z2, Uniblitz) was used for strain SX701 (Tsr -Venus) and a fast shutter (LS2Z2, Uniblitz) was used for strain JE116 (LacI-Venus). The fast shutter was controlled using a signal generator (AFG3021B, Tektronix), which was triggered by the Ixon camera, exposing the sample for 1 ms. A 2Â magnification lens was used in the fluorescence emission path to distribute the point spread function ideally on the 16 mm pixels of the EMCCD. Image acquisition was performed using RITACQUIRE, an in house GUI-based plugin for MICRO-MANAGER (v. 1.3.4.7, www.micro-manager.org). In each experiment, three positions (traps) were subjected to the following acquisition program in parallel: every 30 s (every frame), a phase-contrast image (125 ms exposure) was taken for all positions. Every 3 min (1/6 frames) for all positions, in addition to the phasecontrast image, two fluorescence images (50 ms exposure for SX701 and 1 ms exposure for JE116) were taken in rapid succession, followed by a bright field image (100 ms exposure) of the fluorescence channel, i.e. using the white-light lamp of the microscope as illumination source. This programming cycle was repeated for 1001 frames (8.3 h). Fluorescence images were acquired in tandem to account for the effects of bleaching on molecular counting (see §2f ). The bright field images were acquired to allow alignment of phase-contrast and fluorescence images for each frame. Our automatic method for cropping the phase images and aligning them to the fluorescent images is described in the electronic supplementary material, methods.
(d) Cell segmentation and tracking
For segmenting and tracking individual cells in the microfluidic device, we have modified and further developed existing MATLAB software, MICROBETRACKER [10] . MICROBETRACKER uses the position of cells in the previous frame as an initial guess and applies an active contour model [15] to fit each cell with a subpixel resolution boundary. In order to accurately track mobile cells over several generations, three additional supervised algorithms [16] were implemented in MATLAB to complement MICROBETRACKER (see the electronic supplementary material, Methods): a cell pole tracker and two separate error detectors. The cell pole tracker is used to help the active contour model find the cell poles correctly for moving cells; otherwise this will lead to error propagation in the subsequent frames. The first error detector identifies errors made by the cell pole tracker. This is usually the result of an occasional large displacement of the cell between frames. This activates the cell tracker, which attempts to correct the segmentation of the erroneous cell. The accuracy of the cell tracker is in turn monitored by a second error detector. Any cell histories triggering this detector are terminated. In addition, a novel division function was added to MICROBETRACKER in order to more accurately detect cell divisions for densely growing E. coli. Each supervised algorithm was constructed by first identifying features that efficiently discriminate between two classes, for instance, true or false cell division. In the second step, training data were extracted manually from the image sets for creating training examples for the algorithm in order to achieve accurate classification. A linear classifier [16] was used in all supervised algorithms. The algorithms, cell tracker and the classification method are described in detail in the supplementary methods. To increase the computational speed, parts of MICROBETRACKER were rewritten to allow parallel computing, using MATLAB's parallel computing toolbox.
(e) Single molecule detection, localization
Fluorescent particles in the sample were detected as diffraction limited spots in the fluorescence micrographs according to the method described in Ronneberger et al. [17] , in which the normalized cross-correlation between the fluorescence image and an idealized optical point spread function (a symmetric bi-variate Gaussian function) is calculated. The standard deviation (s.d.) for this function is obtained experimentally by imaging and the signatures of immobilized highly fluorescent beads (data not shown). The image resulting from the correlation is transformed using the Fisher transform. A Fisher transformed Gaussian function with s.d. corresponding to the point spread function is fitted to the Fisher transformed correlation image using the Levenberg-Marquardt method [18] implemented in MATLAB, and the obtained parameters are used to localize each molecule with super-resolution accuracy and estimate the localization error.
(f ) Maximum-likelihood estimate of synthesis
For gene expression studies, we want to estimate how many molecules have been newly synthesized between two fluorescence images given that there is a chance that some of the fluorophores present in the previous frame have not been bleached. We formulate this as a maximum-likelihood problem where Bin is the binomial distribution and Po is the Poisson distribution. The maximum-likelihood estimate of the number of new synthesized molecules is n max ¼ N 2 m max , where m max maximizes p(mjN,M,p,l). The parameter p is the bleaching probability per fluorophore per frame and is assumed to be constant. l is the number of molecules synthesized between two frames.
In the special case of cell division between frame i 2 1 and i, where N1 molecules are found in one daughter cell and N2 in the other, the most likely number of newly synthesized molecules n max are calculated for both cells based on N ¼ N1 þ N2.
Given n max the most likely number of newly synthesized molecules in daughter cell 1 is the n1 that maximizes N1 n1 N2 n max À n1 because this gives the number of possible combinations of picking n1 molecules from N1 and n 2 n1 from N2.
(g) Availability
All programs and scripts developed for this study will be made available on request.
Results

(a) Throughput
Currently, one experiment returns approximately 3000 complete cell histories from three traps imaged in parallel. The total time of expenditure is 36 h. The manual effort of a single operator amounts to 3 h, of which roughly 80 per cent is spent prior to image acquisition. The manual work effort to acquire and analyse the images constitutes less than 2 per cent of the total time required to complete these processes ( figure 2a ). Several overlapping experiments can be performed to use the alternating availability of the microscope and the computational framework to further improve throughput. The number of cell histories acquired from an image series is determined in the segmentation process. The cells sometimes make large displacements between two frames. When the cell tracker fails to track the cell, the cell history is terminated. Therefore, the number of cells that the program keeps track of decreases over time. The rate of decay varies considerably between image series, even when acquired under seemingly identical conditions (figure 2b). Only the set of cell histories that completely cover the time from division-to-division enter the analysis (figure 2c).
(b) Morphology and growth in the microfluidic device
The generation time defines the growth rate of exponentially growing cells and is often used as an indicator of the health or fitness. We compare cells grown with and without amino acids in the medium (figure 3a, red and blue, respectively) and observe average generation times of 26.4 + 7.2 and 46.8 + 17.0 min, respectively. Further, we observe an exponential growth of the cell length over the cell cycle ( figure  3b) . In contrast to previous reports [11] , we observe no obvious dependencies of the growth rate on the position the cell occupied in the trap ( figure 3c ). This uniformity also holds for morphology and bacterial age, i.e. the number of divisions during which the oldest pole of a cell has been observed. We find that the generation times of mother and daughter cells are weakly correlated (r ¼ 0.27 + 0.02 with amino acids, r ¼ 0.07 + 0.05 without amino acids; figure 3d ). The relation between the length at birth and the generation time of a cell history displays a correlation (figure 3e), indicating that comparatively longer newborns complete their cell division faster. Although this holds qualitatively for cells grown both with and without supplemented amino acids (red and blue), it is less pronounced for cells grown without amino acids. Also, cells grown with amino acids vary more in length at birth than in generation time and the opposite is observed for cells grown without supplemented amino acids. The correlation for cells with amino acids is r ¼ 2 0.43 + 0.02 and without amino acids r ¼ 2 0.28 + 0.04. No significant differences in growth or morphology between strains SX701 and JE116 are observed.
(c) Localization of transcription factors during the cell cycle
In figure 4 , we compare the intracellular localization of the reporter constructs, Tsr -Venus (figure 4a) and LacI-Venus ( figure 4b ), over the cell cycle. A localization distribution function ( figure 4, left) is constructed by mapping the detected molecules to their position along the major axis of the cell (x-axis) at the time in the cell cycle they were detected (y-axis) and smoothed using a Gaussian filter. To increase synchronicity, only observations occurring in cells with generation times between 25 and 32 min and terminal lengths of 4-7 mm are included (780 for SX701 and 1176 for JE116). In the right of figure 4, we visualize the detected molecules of each construct as bi-variate symmetric Gaussian functions to create a PALM style super-resolution plot of the intracellular distribution. We do not observe the typical polar localization that may be expected for Tsr ( figure 4a ). This is most likely because the protein is inserted at random positions in the membrane and bleaches before reaching the Tsr clusters in the polar regions [4] . For LacI-Venus molecules (figure 4b), we observe a tendency to cluster at positions corresponding to the nucleoids of chromosomal DNA. The number of nucleoids doubles from two, early in the cell history, to four in the later stages, which is consistent with expectations for our growth conditions.
(d) Synthesis dynamics of an auto-repressed transcription factor throughout the cell cycle 
Discussion
In this study we report on a method combining microfluidics, time-lapsed single-molecule microscopy and automated image analysis capable of monitoring the growth and absolute number of gene expression events throughout approximately 3000 complete individual E. coli life-spans per experiment. Further, we demonstrate that it is possible to use a functional transcription factor, LacI-Venus, nonspecifically interacting with DNA, to retrieve information on both expression dynamics and super-resolution localization dynamics throughout the cell cycle. We show that the microfluidic chip provides a beneficial and stable environment for exponentially growing E. coli cells and a high degree of control and reproducibility. We observe a significant variability in generation times of individual cells. However, we find that generation time is relatively memory-less from generation to generation. More interestingly, cells living in richer media vary more in length at birth than in generation time and that the opposite is true for cells living in poorer media. The underlying causes for this size-generation time uncertainty relation and for which range of conditions it holds are presently unclear. LacI-Venus molecules localize onto the nucleoids in the cell. It appears that non-specifically interacting transcription factors are uniformly distributed over the DNA. As expected, we find that LacI -Venus is more highly expressed than Tsr -Venus from the lacY gene position. Our result for the latter is consistent with the findings of Yu et al. [3] in the number of gene expression events from the lacZ gene position during the cell cycle. However, we observe fewer Tsr -Venus molecules per expression event (1.7 + 0.1 instead of 4.2 + 0.5). Given that lacZ and lacY are transcribed to a polycistronic mRNA, we conclude that the translation rate at the lacY position is two to three fold lower than that of the lacZ position. The average rate of LacI-Venus expression is slightly higher in the beginning of the cell cycle. We propose that this may be due to partition inequalities at cell division, in which disfavoured cells replenish their transcription factor pools. The experiments confirm the highly variable nature of in vivo single-molecule observations ( figure 5 ). We estimate that to obtain a 5 per cent accuracy of the mean expression rate per minute for all points in the cell cycle would require to a total of 4000 and 16 000 complete cell histories of JE116 (lacI-Venus) and SX701 (DlacY::Tsr-Venus), respectively. Sufficient observations could therefore be obtained with three additional experiments for JE116 and fifteen additional experiments for SX701. The Mather design can potentially sustain a population of bacterial cells in a state of exponential growth indefinitely. Many biological phenomena, such as the development of antibiotic resistance, occur in a small subpopulation of all cells and on longer time-scales than the current longevity of an experiment using our method. Further increasing the throughput and the longevity of the method to enable the study of such phenomena represents a formidable image analysis challenge. However, to our advantage is that the performance of supervised algorithms improves and can be made more advanced as more training data accumulate. We are confident that more advanced algorithms can be implemented to increase both accuracy and speed, which would make it possible to acquire an arbitrary number of cell histories from a single experiment.
